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ABSTRACT 


The  study  of  vail  roughness  effects  on  model  heat  transfer  in  high 
Reynolds  number  shock  tunnel  flows  of  a  few  milliseconds  duration  requires  the 
use  of  a  rugged,  fast-response  calorimeter  of  known  surface  roughness.  Models 
constructed  of  continuous  thin  copper  sheeting  over  a  solid  insulator  substrate 
with  rear  thermocouples  attached  were  developed  for  this  purpose.  The  surface 
of  the  copper  can  be  roughened  as  required  and  thus  forms  both  an  unbroken 
model  surface  segment  and  a  heat  flux  calorimeter.  Conditions  of  heat  flux 
and  tunnel  test  time  under  which  the  gauge  is  useful  are  shown  by  analysis. 
Results  from  calibration  experiments  and  shock  tunnel  tests  are  discussed. 
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NOMENCLATURE 


Cx  Constant 

C2  Constant  equal  to  tt/2^ 

0^  Specific  heat 

E  Ratio  qj (/qJ. 

h  Roughness  height 

k  Thermal  conductivity 

q  Heat  Transfer  rate,  Btu/sec 

4  Heat  flux,  Btu/ft2-se<: 

R  Model  radius 

T  Temperature 

V  Output  voltage 

W  Model  width 

x  Distance  from  model  stagnation  point  measured 

along  model  surface 

a  Thermal  diffusivity,  k/pc^ 

6  Film  thickness 

0  Body  angle 

P  Density 

T  Time 

Subscripts 

I  Input 

L  Loss  by  conduction 

r  Response 

M  Maximum 

x  Along  model  surface 
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I.  INTRODUCTION 


Surface  roughness  effects  have  been  shown  to  be  significant  in  predic¬ 
tion  of  heat  transfer  rates  to  bodies  in  high  Reynolds  number  flowB  (Refs.  1 
and  2).  Such  roughness  at  high  Reynolds  number  has  the  effect  of  producing 
large  increases  in  surface  heat  flux  compared  with  smooth  wall  values  (Refs. 

1-4).  Recently,  such  effects  have  become  of  interest  in  the  prediction  of 
ablation  rates  and  shape  change  of  high-speed  reentry  vehicle  nose  tips  (Ref.  3)» 

Much  work  has  been  done  for  the  case  of  the  laminar  boundary  layer, 
and  it  is  well  known  that  maximum  heat  flux  occurs  at  the  stagnation  point  of 
a  sphere  in  such  a  flow.  However,  less  information  is  available  for  the  case 
of  a  turbulent  boundary  layer,  where  at  sufficiently  high  Reynolds  number  the 
heat  flux  is  expected  to  be  a  maximum  in  the  vicinity  of  the  sonic  point  (Refs. 

5  and  6) .  The  experimental  study  of  heat  flux  to  such  a  body  and  its  varia¬ 
tion  with  roughness  and  angular  location  from  the  stagnation  point  may  require 
special  instrumentation  techniques,  because  of  limitations  Imposed  by  the 
necessity  for  carefully  controlling  the  model  surface  roughness. 

This  report  describes  the  development  and  calibration  of  rough  wall 
heat  flux  gauges  for  application  to  high  Reynolds  number  short-duration  shock 
tunnel  flows.  Response  and  test  time  limitations  of  the  gauge  are  analyzed, 
and  special  features  for  application  to  rough  wall  measurements  are  discussed. 

A  gauge  concept  is  introduced  that  uses  the  fast  response  time  of  the  thick 
film  gauge  together  with  the  continuous  unbroken  surface  construction  re¬ 
quired  for  the  study  of  surface  roughness  effects. 
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Figure  1.  Response  Tine  Based  on  Film  Thickness 
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II.  GAUGE  SESSION  CONS  ITERATIONS 


A  study  of  calorimeter  gauges  for  measurement  of  heat  flux  in  short 
duration  flows  is  found  in  Ref.  7.  Calculations  are  presented  for  "both  thin 
and  thick  film  gauges.  The  thin-film  resistance  gauge  measures  the  surface 
temperature  rise  of  a  model  substrate,  whereas  the  thick  film  gauge  Is  essen¬ 
tially  a  low  mass  slug  calorimeter  where  heat  flux  is  proportional  to  the  change 
of  average  film  temperature  with  time,  as  shown  in  Eq.  (1). 

^“^pP  W 

Of  the  two  gauge  types,  the  thick  film  type  mechanically  best  lends  itself  to 

a  surface  roughening  scheme  and  allows  determination  of  average  heat  flux  to 

the  gauge  surface.  The  flows  of  interest  in  this  study  are  of  a  time  duration 

.a 

less  than  5  msec  with  a  surface  roughness  height  range  of  1  to  4  X  (10)  in. 
(order  of  the  boundary  layer  thickness)  required.  These  two  requirements  pro¬ 
vide  design  guidelines  for  gauge  response  time  and  thickness. 

The  thick  film  gauge  can  normally  be  constructed  as  a  high-current- 
resistance  gauge  or  as  a  rear-mounted  temperature  sensor  gauge  (Ref.  7).  With 
surface  roughness  of  a  few  mils  required  (thus  requiring  j  >  0.010  in.  for  d>h) 
and  with  fast  response  time  necessary,  only  a  gauge  constructed  of  a  material 
of  high  a  ,  such  as  copper  or  aluminum,  can  be  used.  This  is  shown  in  Figure 
1,  where  response  time  based  on  film  thickness  is  shown  for  several  materi¬ 
als  according  to 

Tr  m  °-5  <4r>  (2) 

as  shown  in  Ref.  8.  It  is  seen  that  for  6  «  0.010,  a  response  time  based  on 
thickness  of  about  0.25  nsec  is  obtained  for  copper.  A  gauge  of  this  thick¬ 
ness  composed  of  copper  or  aluminum  is  not  suitable  for  use  as  a  resistance 
type  gauge  because  of  its  low  electrical  resistivity,  based  on  the  calculations 
of  Ref.  9*  Thus,  the  rear-surface-mounted  temperature  sensor  concept  appears 
most  promising.  Such  gauges  can  be  equipped  with  either  rear-mounted  thermo¬ 
couples  or  rear-mounted  resistance  gauges  (Ref.  10).  The  thermocouple  gauge 
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is  of  simple,  rugged  construction  and  lends  Itself  veil  to  high-pressure 
instrumentation,  since  installation  of  such  a  sensor  requires  little  void 
volume  behind  the  gauge  film.  However,  since  the  resistance  thermometer  concept 
produces  a  high  output  signal,  it  should  he  given  consideration  Wherever  possi¬ 
ble. 

For  the  present  study,  the  thick  film  thermocouple  gauge  of  copper 
construction  with  a  rear-mounted  cons  tan  tan  wire  was  chosen.  Figure  2  shows 
the  gauge  construction  that  can  be  applied  to  either  two-dimensional  or  axi- 
symmetric  bodies.  Note  that  two  features  important  to  the  study  of  small-scale 
surface  roughness  effects  are  incorporated  ih  this  concept:  (1)  the  model  sur¬ 
face  is  unbroken  from  the  stagnation  point  to  the  edge  of  the  model,  thus 
allowing  a  uniform  roughness  (with  no  surface  cracks)  to  be  applied  over  the 
entire  flow  path;  and  (2)  the  gauge  is  rigidly  mounted  on  a  solid  substrate, 
thus  preventing  gauge  surface  fluctuation  that  must  be  held  to  values  of  less 
than  the  roughness  height.  This  type  of  gauge  is  quite  similar  to  the  thin- 
skinned  calorimeter  discussed  in  Ref.  11  in  that  both  concepts  feature  an 
unbroken  surface  and  use  a  thermocouple  sensor.  They  differ  mainly  in  that  the 
present  instrument  uses  a  solid  backing  far  higher  pressure  testing.  The  solid 
Insulator  back  thermally  influences  the  gauge  and  limits  its  useful  test  time 
(see  Section  Hi).  Within  the  limitations  explained  below,  such  a  gauge  should 
be  useful  in  both  Impulse  tunnel  and  steady  state  facilities,  provided  that 
rapid  exposure  to  the  flow  is  obtained  in  all  cases. 
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III.  GAUGE  LIMITATIONS 


As  mentioned  earlier,  a  thick  film  thermocouple  gauge  does  not  have 
an  output  signal  as  high  as  would  be  obtained  if  a  resistance  thermometer 

sensor  were  used  to  sense  film  temperature .  The  average  gauge  temperature  and 

( 

corresponding  output  from  the  copper- cons tantan  thermocouple  is  shown  in  Figure 

3  for  a  film  of  0.010- in.  thickness  and  a  range  of  heat  flux.  It  is  seen  that, 
far  test  times  of  a  few  milliseconds  and  at  heat  flux  values  around  100  Btu/ft2- 
sec,  one  can  obtain  signals  in  the  0.1  to  1  mV  range. 

The  usable  test  time  of  this  type  of  gauge  is  limited  because  heat 
is  lost  to  the  film  substrate  at  increasing  rates  as  the  film  itself  gains 
temperature  during  testing.  Such  effects  were  analyzed  in  Ref.  7,  and  Figure  4 
is  based  on  calculations  made  in  that  report,  where  it  is  shown  that  heat  losses 
are  a  function  of  the  ratio  of  the  kPcp  products  of  film  and  substrate.  Figure 

4  shows  that  a  0.010- in. -thick  copper  gauge  experiences  less  than  heat  loss 
at  the  Interface  after  3  msec  if  it  is  mounted  on  a  plastic  substrate,  but 
7*5#  if  mounted  directly  on  pyrex.  As  shown  in  the  figure,  longer  test  times 
may  be  obtained  with  thicker  gauge  films.  If  long  flow  times  are  available, 

7*r  can  be  longer,  and  a  thicker  gauge  is  often  more  suitable  (Figure  1).  One 
must  be  assured  that  any  of  the  insulator  substrate  not  covered  by  the  thick 
film  sheeting  is  not  overheated  in  tests  of  long  flow  times.  The  surface 
temperature  of  such  a  model  surface  can  be  estimated  by  use  of  the  one-dimen¬ 
sional  equation  of  heat  conduction  in  a  semi- infinite  slab,  as  follows. 

AT  =  (3) 

wrkpcp 

The  heat  flux  gradients  over  the  surface  of  a  continuous  thick  film 
(or  thin  skinned)  gauge  result  in  temperature  gradients  within  the  film  and 
can  lead  to  thermocouple  errors  if  not  taken  into  consideration,  since  gauge 
surface  temperatures,  and  therefore  surface  temperature  differences,  increase 
with  time  of  gauge  exposures.  It  is  possible  to  estimate  the  magnitude  of 
this  effect  for  the  simple  case  of  a  two-dimensional  model  by  computing  the 
ratio  of  heat  entering  the  gauge  q^.  at  a  given  x  from  the  stagnation  point  to 
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the  linear  conduction  loss  qT  at  that  location.  If  such  conduction  loss  is 

L 

not  present,  the  average  local  temperature  is  given  by 


T.irviav 

H  i/,cv 


w 


The  conduction  loss  away  from  or  into  a  surface  element  dx  within  the 
film  material  is  given  by 


k<5  W 


dx 


(5) 


for  a  surface  with  negligible  gradients  in  the  <5  direction  (*r»7^) .  The  heat 
entering  the  element  by  convection  from  the  freestream  is 


4jWdx 


(6) 


Combining  Eqs.  (4),  (5)#  end  (6)  and  forming  the  ratio  q^/q^ 


Ex' 


we  get 


vf  (5) 


(7) 


Thus,  an  estimate  of  the  conduction  error  can  be  made  if  one  has  a 
knowledge  of  the  surface  heat  flux  distribution  and  test  time  of  interest. 

For  example,  for  the  case  of  turbulent  boundary  layer  flow.  Ref.  5 
indicates  that  one  might  expect  a  smooth  heat  flux  distribution  of  the  form 


V'Wo  - 1  +  °i sln 


C2x 


R  (8) 

in  regions  away  from  the  stagnation  point,  which  gives  a  heat  flux  maximum 


equal  to  (1  +  C1)  at  a  body  angle  $M  Where  cg  -  77yfe^.  Using  this 

sample  distribution  in  Eq.  (7)  gives 

2  sin  C2x/r 
.1  +  Cx  (sin  C2x/iy. 


E 


“T(r) 


(9) 
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Figure  5  shows  the  magnitude  of  the  conduction  error  for  a  copper  film 

material  with  -  1.0,  such  that  4M  ■  2  4^^  and  c2  *  2.25,  such  that  4M 

occurs  at  a  body  angle  of  40  deg.  The  losses  are  seen  to  be  quite  negligible 

for  test  times  of  many  milliseconds  for  a  model  of  1-in.  radius. 

The  attachment  of  a  thermocouple  to  the  gauge  material  can  influence 

the  response  time  of  the  resultant  gauge.  Reference  12  presents  calculations 

useful  for  estimating  the  influence  of  this  effect.  In  general,  it  is  shown 

that  one  should  attempt  to  have  the  thermocouple  wire  diameter  much  smaller 

than  the  film  thickness,  (kA:  )_  <  (kA:  and  r  <  r  for  good  gauge 

P  l«t  «  p  r llulj  r 

design.  These  conditions  are  met  with  the  combination  of  copper  film  and 
constantan  wire  used  in  this  experiment. 


=  q,  /q_,  PERCENT 


Figure  5-  Conduction  Error  for  1  +  sine 
Distribution  of  Heat  Flux 
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IV.  EXPERIMENTAL  PROGRAM 


Figure  6  shows  a  two-dimensional  model  constructed  according  to  the 
sketch  of  Figure  2.  The  single  constantan  wires  are  soldered  to  the  copper 
strip  (roughened  or  unroughened),  and  then  the  assembly  la  stretched  over  the 
luclte  model  with  the  radially  located  wires  extending  through  a  narrow  aav 
cut  in  the  model.  A  bond  of  epoxy  can  be  applied  between  "tlie  copper  strip 
and  the  lucite  model  to  produce  a  rigid  construction.  Hie  0.003- in. -diam 
constantan  wires  terminate  at  junction  points  within  the  model  near  the  sting 
entrance.  It  should  be  possible  to  extend  this  concept  to  axlsymmetric  models 
by  using  copper  films  formed  to  the  model  contours ,  although  this  may  be 
considerably  more  difficult  than  for  the  strip  concept  shown  in  Figure  6. 

Various  techniques  may  be  used  for  surface  roughening  of  the  thick 
film  copper  strips.  It  has  been  found  that  shot-peening  of  a  copper  strip 
that  has  been  stretched  over  a  solid  metal  mandrel  produces  a  uniform  random 
surface  roughness.  Hie  strip  must  be  annealed  following  the  shot-peening  in 
order  to  transfer  it  from  the  mandrel  to  a  model  substrate  without  causing 
gross  distortions  of  the  strip.  Chemical  etching  and  other  surface  roughening 
techniques,  such  as  knurling  and  fine  machining,  should  also  be  useful  in 
this  application.  If  the  film  thickness  is  kept  large  compared  to  the  re¬ 
quired  roughness  height,  the  rear  surface  thermocouple  will  measure  an  average 
heat  flux  to  the  surface  as  desired. 

The  gauges  were  radiation-calibrated  by  exposure  to  a  shutter-regulated 
high-temperature  graphite  strip  (Figure  7)  at  heat  flux  levels  to  50  Btu/ft^- 
sec  to  calibrate  for  variax.^  us  introduced  during  thermocouple  Installation. 

A  calibrated  steady-state  G&rdon-type  calorimeter  was  used  as  a  standard  for 
gauge  calibration.  A  sliding  shutter  arrangement  allowed  generation  of  a 
pulse  of  radiation  of  varying  length  from  as  little  as  a  few  milliseconds. 

Both  gauges  were  covered  with  a  thin  layer  of  camphor  smoke  to  produce  match¬ 
ing  radiation  absorption  characteristics  during  calibration.  Figure  8  shows 
a  typical  radiation  heat  flux  pulse  measured  by  a  platinum  thin  film  gauge 
with  a  built-in  analog  conversion  from  surface  temperature  to  heat  flux.  Hie 
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Figure  6.  Two-Dimensional  Shock  Tunnel  Gauge 


Figure  7.  Heat  Flux  Calorimeter  Calibration  Source 
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— — *■ — 2  msec 


Figure  8 


Heat  Flux  Pulse  from  Radiation  Calibration  Source 
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trace  of  Figure  9  shows  the  response  of  the  copper  thick  film  gauge  during  a 
6-msec  radiation  pulse. 

The  test  region  of  the  high  Reynolds  number  shock  tunnel  facility  for 
which  these  gauges  were  developed  Is  shown  In  Figure  10.  Surface  heat  fluxes 

\  -  Q 

for  4-ln.-diam  models  are  in  the  range  of  30  to  150  Btu/ft  -sec  at  model 
stagnation  pressures  in  the  1-  to  3-etm  range.  Figure  11  shows  laminar  stagna¬ 
tion  point  heat  flux  data  taken  during  a  tunnel  test  of  about  5-msec  total 

A 

duration.  A  heat  flux  of  38.5  Btu/ft  -sec  Is  indicated  during  the  linear  rise 
period  and  is  in  good  agreement  with  the  laminar  flow  prediction  at  this  model 
checkout  flow  condition.  Such  tests  have  shown  this  gauge  concept  to  be  suit- 

1 

able  for  the  shock  tunnel  environment,  and  future  tests  will  involve  investiga¬ 
tion  of  roughened  model  heat  flux  distributions  in  higher  Reynolds  number  flows. 
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7 1/2°  HALF  ANGLE 
CONICAL  NOZZLE 


DIAPHRAGM 


-TUNNEL  THROAT 
2.0  in.  dia 


12  in.  dia 
TEST  SECTION 
M*  =  5.15 

Re  =  2.5 ->7.5  (IO)6/ft 


SHOCK 

TUBE 


-SHOCK  TUBE  END  WALL 
NOZZLE  ENTRANCE  6.375  in.  dia 
PRESSURES  20  TO  60  atm 
TEMPERATURES  I200T0  2000°F 


MODEL 

PRESSURES  1  TO  3  atm 


Figure  10.  High  Reynolds  Number  s'hock  Tunnel 
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Figure  11.  Shock  Tunnel  Test  of  0.010- in.  Copper 
Gauge  on  Incite  Model 
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V.  CONCLUSIONS 


A  continuous  thick  film  thermocouple  gauge  technique  has  been  pre¬ 
sented  whereby  rough  wall  model  heat  fluxes  in  short  duration  flow  nay  be 
measured.  It  has  been  shown  that  the  requirement  that  the  film  thickness  be 
large  compared  to  the  roughness  height  can  be  met  for  the  flows  of  interest. 
The  following  limitations  were  Investigated  with  respect  to  gauge  test  time: 

1.  Response  time  of  the  gauge  film  and  thermocouple  to  a  step 
Input  of  heat  flux. 

2.  Output  of  the  gauge  for  typical  heat  flux  levels  and  avail¬ 
able  test  times. 

3.  Conduction  heat  transfer  errors  in  the  gauge  film  resulting 
from  heat  flux  gradients  over  the  model  surface  and  loss  to 
the  substrate. 

A  radiation  calibration  scheme  has  been  discussed  that  allows  fast 
response  gauge  calibration  by  comparison  with  a  steady  state  calorimeter. 
Data  obtained  from  radiation  calibration  and  during  shock  tunnel  tests  are 
presented. 
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